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Method and Apparatus for Measuring a Device Under Test 

Using an Improved 

Through-Ref lect-Line Measurement Calibration 

Background 

[01] U.S. Patent Application Ser. No. 10/294,317 filed 
November 14, 2002 entitled "Method and Apparatus for 
Performing Multiport Through-Ref lect-Line Calibration 
and Measurement" (herein "the ! 317 Patent Application") 
teaches a method and apparatus for performing a 
through-ref lect-line calibration with a multiple port 
vector network analyzer ("VNA"). The disclosed method 
teaches determination of ten-term error coefficients 
that may be used in a method disclosed in US Patent 
5,434,511 (herein "the '511 Patent") to arrive at S- 
parameters of a device under test (herein "the DUT") 
with systematic errors attributable to the VNA and the 
multiport test set corrected out of the measured S- 
parameters of the DUT. In the method according to the 
'317 Patent Application, it is necessary to know a type 
of high reflect calibration standard used in the 
process. Also, in the method disclosed in the '317 
Patent Application, if the through calibration standard 
used in the calibration procedure is a non-zero 
through, then its electrical length must be known and 
specified by the calibration standard manufacturer in 
order to fully characterize the error coefficients in 
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the calibration process. In many cases, the electrical 
length of the non-zero thru is either unknown, not 
known to a sufficient accuracy, or is a non-repeatable 
value. A through calibration standard is typically 
unknown for on-wafer calibrations because the landing 
of the probe to the calibration standard is non- 
repeatable, which renders the electrical length also 
non-repeatable, and therefore, unpredictable. Even 
though manufacturers of coaxial calibration standards 
often include electrical length data, over time and 
after multiple uses, the electrical length can change 
making a calibration process that relies on the 
electrical length specifications, less accurate. Due 
to machining, process, and other non-repeatable 
manufacturer variations, the manufacturer 
specifications of the through calibration standards may 
not be as accurate as the calibration and measurement 
presumes. In addition, frequent use of the through 
calibration standard can cause the dimensions and, 
therefore, the calibration specifications to change 
over time while the calibration process presumes 
otherwise. In high frequency on-wafer measurements, a 
non-zero through is used exclusively. Furthermore, in 
an on-wafer calibration process, it is difficult to 
land probes repeatably on a calibration substrate to 
coincide with the electrical delay value provided by 
the calibration standard manufacturer. Any discrepancy 
between the actual electrical delay and the presumed 
electrical delay causes uncertainties in the 
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calibration and, therefore, the corrections made to the 
measurement of a device under test ("DUT")- The 
uncertainties are exacerbated as measurement 
frequencies increase . 

[02] There is a need, therefore, to improve the through- 
reflect-line calibration process to accommodate a thru 
calibration standard with an unknown delay or an 
unknown type of high reflect calibration standard with 
a known phase offset. 
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Brief Description of the Drawings 

[03] Figure 1 is a diagram of a vector network analyzer 
("VNA"), switch network and signal separation devices 
used for measurement of a device under test ("DUT") . 

[04] Figure 2 shows the VNA with a reflect calibration 
standard connected . 

[05] Figures 3 and 4 show the VNA with a line calibration 
standard connected and respective switch network 
configurations for forward and reverse measurements . 

[06] Figure 5 shows the VNA with a matched load 
calibration standard connected . 

[07] Figures 6 and 7 show the VNA with a source 

terminated through calibration standard connected and 
respective switch network configurations for forward 
and reverse measurements . 

[08] Figures 8 and 9 show the VNA with a locally 

terminated through calibration standard connected and 
respective switch network configurations for forward 
and reverse measurements . 

[09] Figure 10 is a flow diagram of some of the error 
coefficients determined in a method according to the 
present teachings . 

[10] Figures 11 and 12 show an optional VNA measurement 
with a locally terminated through calibration standard 
connected between one of the proximal pairs of 
measurement ports and respective switch network 
configurations for forward and reverse measurements . 



4 



Agilent PDNO: 10021239 
inventor: Vahe Adamian 
USPTO Ser. No. 10/635,395 

[11] Figures 13 through 17 is a flow chart of a method 
for calibrating and correcting S- parameters of a 
measured DUT according to the present teachings. 
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Detailed Description 

[12] US Patent No. 5,434,511 entitled "Electronic 
Microwave Calibration Device" (herein "the f 511 
Patent") teaches a method for correcting measured S- 
parameters to arrive at actual S-parameters for a 
measured device. The method uses twelve error terms 
calculated from a short-open-load ("SOLT") calibration 
process. As one of ordinary skill in the art 
appreciates, a through-ref lect-line ("TRL") calibration 
process is also able to determine the twelve error 
terms from which actual S-parameters are determined 
based upon measured S-parameters of a device under 
test. The twelve error terms are: (1) forward 
directivity ("EDF"), (2) forward source match ("ESF"), 
(3) forward reflection tracking ("ERF"), (4) forward 
isolation ("EXR"), (5) forward load match ("ELF"), (6) 
forward transmission tracking ("ETF"), (7) reverse 
directivity ("EDR"), (8) reverse source match ("ESR"), 
(9) reverse reflection tracking ("ERR"), (10) reverse 
isolation ("EXR"), (11) reverse load match ("ELR"), and 
(12) reverse transmission tracking ("ETR" ). Because 
the isolation of the switches used in a multiport test 
set is so high, it is more accurate in most 
circumstances to ignore the forward isolation ("EXF") 
and reverse isolation ("EXR") terms and set them to 
zero. This yields a 10-term error correction process. 
The TRL calibration process is more time consuming, but 
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has the capability for more accurate measurements. 
More accurate measurements yield improved error terms 
and improved corrected S-parameters . The following 
discussion is directed toward multiple embodiments of 
an improved TRL calibration, DUT measurement, and S- 
parameter correction process . 

[13] With specific reference to FIGURE 1 of the 

drawings, there is shown a system block diagram of a 2- 
port VNA 200 in conjunction with a 4-port test set. 
The illustrated 4-port test set comprises a switch 
network 150 and two external signal separation devices 
114 2 and 114 4 , which may be used with a 2-port VNA 200 
for measuring a 4-port device under test 101 (herein 
"the DUT"). Alternative embodiments of test sets 150 
having additional switches and signal separation 
devices may be used for measuring DUTs having more than 
4 ports. For purposes of the present disclosure, the 
term "vector network analyzer (VNA) 200" refers to 
either a two port VNA alone, a 2-port VNA with a 
multiport test set for calibrating and measuring 
devices with more than 2 ports, or a multiport VNA. 
Before the DUT 101 is connected, a TRL calibration 
process is performed to determine systematic errors to 
a measurement as a result of the VNA 2 00 and associated 
connections. The VNA 2 00 deploys first and second 
reference channels 201, 202, respectively, and first 
and second reference channel samplers 110, 210, 
respectively. In the test set-up shown in FIGURE l,the 
samplers 110, 210 in a specific example may be bridges 
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or directional couplers. The reference channel 
samplers 110, 210 are placed in the first and second 
signal paths 107, 108 on an opposite side of a signal 
transfer switch 106 from signal generator 105. The 
samplers 110, 210 extract in one direction a small and 
predictable portion of the signal present on the first 
and second signal paths 107, 108 for measurement by the 
first and second reference channels 201, 202, 
respectively. The sampled portion is typically -lOdB 
to -2 0dB for a coupler based sampler and approximately 
-6dB for a bridge based sampler relative to the signal 
level on the signal path 107 or 108. The source 
transfer switch 106 connects either the signal 
generator 105 to the first signal path 107 and a signal 
transfer switch terminating load 109 to the second 
signal path 108 or connects the signal generator 105 to 
the second signal path 108 and connects the signal 
transfer switch terminating load 109 to the first 
signal path 107. In a specific embodiment, there are 
only two switch positions for the signal transfer 
switch 106. 

[14] The illustrative example shown in the drawings and 
described herein includes a 4-port DUT 101 connected to 
measurement ports 103i, 103 2 , 103 3 , and 103 4 . The 
teachings herein disclose process details for 
calibrating ports 103i and 103 3 . The disclosed process 
is repeated for all remaining ports. The present 
teachings may also be applied to a multiport test set- 
up for measuring DUTs having two or four or more device 
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connections. A switch network 150 permits connection 
of each measurement port 103i through 103 2N to a first 
or second signal path 107, 108, the transfer switch 
terminating load 109, or to a local terminating 
impedance, 104i through 104 2 n- Certain switch network 
configurations connect one of the measurement ports 103 
to the first signal path 107 or/and a different one of 
the measurement ports 103 to the second signal path 108 
while the remaining paths are terminated in the local 
terminating impedance 104. The switch network 150 also 
has sampling arms 113, sampling arms 113i through 113 4 
in the illustrated embodiment. The sampling arms 113i 
through 113 4 each comprise a sampler 114 that samples a 
small and predictable portion of the signal level 
present at the respective measurement port 103. The 
sampler 113 may be a coupler or a bridge that takes 
somewhere between -6dB and -20dB of the signal level 
from the signal level present on the respective 
measurement port 103. In a specific embodiment 
according to the present teachings, the portion sampled 
from the measurement ports 103 is substantially the 
same portion sampled from the signal paths 107, 108. 
The sampled signal may then be connected to either a 
first or second test channel receiver 111, 112 through 
a respective sampling switch 115 or may be connected to 
a sampling arm terminating load 116. A switch network 
150 of this configuration may connect a reflection path 
from the measurement ports 103 to one of first and 
second test channel receivers 111, 112 while 
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terminating the reflection paths from measurement ports 
103 not connected to a test channel receiver in a local 
sampling arm terminating impedance 116. 

[15] In an embodiment of a method according to the 
present teachings, a TRL calibration on a multi-port 
DUT having N device connections is performed by 
conducting a 2-port TRL calibration first on each one 
of N/2 direct pairs of the measurement ports 103 and if 
there are more than two measurement ports, on (N(N- 
2))/4 indirect pairs of the measurement ports 103. A 
user may define the N/2 direct pairs by representing 
all measurement ports 103 in groupings of two 
measurement ports 103, where a first port in the direct 
pair is capable of connection to the first test channel 
receiver 111 and a second port in the direct pair is 
capable of connection to the second test channel 
receiver 112. As an example, if there are N 
measurement ports, the direct pairs of measurement 
ports are measurement ports 103i and 103 N / 2 +i, 
measurement ports 1032 and 103 N / 2 +2* et seq. up to the 
direct pair of measurement ports 103 N /2 and 103 N where 
measurement ports 103 x through 103 N/2 are capable of 
connection to the first test channel receiver 111 and 
measurement ports 103( n+ d/ 2 through 103 N are capable of 
connection to the second test channel receiver 112. 

[16] There are (N(N-2))/4 indirect pairs, which are 
defined as those unique groupings of two measurement 
ports 103 that are not represented in the set of direct 
pairs of measurement ports and where a first 
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measurement port in the indirect pair is capable of 
connection to the first test channel receiver 111 and 
the second measurement port in the indirect pair is 
capable of connection to the second test channel 
receiver 112. In the illustrated example, there are 
two direct pairs: first direct pair comprising 
measurement ports 103i and 1033 and second direct pair 
comprising measurement ports 1032 and 1034. Also in 
the specific example, there are two indirect pairs: 
first indirect pair comprising measurement ports 103i 
and 103 4 and second indirect pair comprising 
measurement ports 103 2 and 103 3 . Measurement ports 103 
capable of connection to the same test channel 
receiver, either the first test channel receiver 111 or 
the second test channel receiver 112, are herein 
referred to as "proximal pairs". An N-port DUT has 
N(N-2)/4 unique proximal pairs of measurement ports 
103. In the specific illustrated embodiment having 
four measurement ports, the proximal pairs are 
measurement ports 103i and 103 2 , measurement ports 103 3 
and 103 4 . 

[17] In the TRL calibration process and with specific 
reference to FIGURE 2 of the drawings, a high reflect 
calibration standard 301 ("the reflect 301") is 
measured at all measurement ports 103. The reflect 301 
may be either a short or an open circuit with or 
without an offset. In one embodiment of the process, 
it is not necessary to know the type of reflect 
standard used, but it is important to know the phase 
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offset of the reflect 301 in order to calculate an 
electrical length of a thru calibration standard. In 
an alternative embodiment, it is not necessary to know 
the type of reflect or the phase offset of the reflect 
calibration standard as long as the electrical length 
of the thru calibration standard is known. In the 
illustrated example, the reflect 301 is connected to 
measurement port 103i. The switching network 150 is 
set so the measurement port 103i is connected to the 
first signal path 107 and the respective sampling arm 
113i is connected to the first test channel receiver 
111. All remaining unused measurement ports 103 2 , 103 3 
and 103 4 are terminated in their respective local 
terminating loads 104 and their respective sampling 
arms 113 are connected to the sampling arm terminating 
loads 116 2 , 116 3 , and II64. As one of ordinary skill in 
the art appreciates, for measurement of the measurement 
port 103i only the switch network configuration that 
terminates in a characteristic impedance for those 
measurement ports 103 that are capable of connection to 
the first test channel receiver 111 are important to 
the results . Because the isolation of the switches 
that comprise the switch network 150 is so high, the 
measurement ports 103 capable of connection to the 
second test channel receiver 112 do not figure in the 
high reflect measurement that uses the first test 
channel receiver 111. Similarly, the measurement ports 
103 capable of connection to the first test channel 
receiver 111 do not figure in the high reflect 
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measurement that uses the second test channel receiver 
112. The signal generator 105 is then swept through a 
desired frequency range as programmed by an operator 
and measurements are taken at specific frequencies 
across the range. During the frequency sweep the VNA 
200 measures a reference signal as well as a reflected 
signal and stores a ratio of the measured reflected 
signal level at the test channel receiver, 111 in the 
example, over the measured signal level at the 
reference receiver, 201 in the example. The system 
stores a resulting ratio, which is a frequency 
dependant reflection coefficient, herein referred to as 
a high reflect characteristic for measurement port 
103i. 

A re f lect_l / Rl ref lect_l 

[18] The same process of measuring the reflect 301 is 
repeated for each measurement port 103. For each 
measurement port, the switch network 150 is configured 
so that the measurement port 103 with the reflect 301 
receives the stimulus signal 105 and the switch network 
150 has a sampling arm 113 arrangement whereby the 
reflected signal is measured by the appropriate test 
port 111 or 112. The unused measurement ports 103 are 
terminated in the local characteristic impedance 104 in 
the switching network 150. The sampling arms 113 of 
the unused measurement ports 103 are also terminated in 
the respective sampling arm terminating loads 116. The 
signal generator 105 stimulates the appropriate signal 
path 107 or 108 with a signal that is swept over the 
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same desired frequency range as in the reflection 
measurement of measurement port 103i. The VNA 200 
measures and stores a measurement of a ratio of the 
measured stimulus signal level over measured reflection 
signal yielding a frequency dependent array of 
reflected signal level over the stimulus signal, either 
Arefiect_n/Rlrefiect_n or B re f iect_n/R2 re f iect_n / where "n" refers 
to the measurement port 103. 

[19] With specific reference to FIGURE 3 of the 
drawings, a next step in the calibration process 
connects and measures a low-loss delay line calibration 
standard 401 ("the line 401") between each direct pair 
and indirect pair of measurement ports 103. The line 
401 may be an airline i.e. a delay line having an air 
dielectric, which is commonly used in metrology 
laboratories. Alternatively and as typical for on- 
wafer measurements, a delay line may be used. The 
delay of the line 401 is unknown, but the physical 
dimensions of the line 401 relate to a valid range of 
calibration frequencies. Additional delay line 
calibration standards can be used to cover a broader 
frequency range as desired. The delay of the line 401 
is defined over a range of frequencies bounded by 
approximately more than 20 degrees phase shift at a 
lowest specified frequency and less than 160 degrees 
phase shift at a highest specified frequency. At 
frequencies around 500 MHz and below, coaxial airline 
dimensions become very large and not practical. To 
measure at the lower frequencies, and with specific 



14 



Agilent PDNO: 10021239 
Inventor: Vahe Adamian 
USPTO Ser. No. 10/635,395 

reference to FIGURE 5 of the drawings, two high-quality 
matched loads 501 ("the matched loads 501") are 
connected to each measurement port 103 of the direct or 
indirect pair being measured. The matched loads 501 
are used for calibrating the VNA 200 in a frequency 
range down to the lowest VNA frequency. The resulting 
calibration values of the line 401 and the matched 
loads 5 01 are different , but the algorithmic 
formulations using the measured ratios are the same. 

[20] With specific reference to FIGURE 3 of the 

drawings in which the line 401 is measured between the 
first direct pair comprising measurement ports 103i and 
103 3/ the transfer switch 106 is set so that the signal 
generator 105 stimulates the first signal path 107 and 
the second signal path 108 is terminated at the source 
109. The switch network 150 is configured so that the 
measurement port 103i accepts the stimulus signal from 
the first signal path 107 and the signal from the 
sampling arm 113i is presented to the first test port 
111. The switch network 150 is further configured so 
that the measurement port 103 3 is terminated in the 
transfer switch characteristic impedance 109 through 
second signal path 108 and a transmitted signal is 
presented to the second test port 112 through sampling 
arm 113 3 . The signal generator 105 sweeps the desired 
frequency range and the VNA 2 00 measures signal level 
from the first and second test channel receivers 111, 
112 and the first and second reference receivers 201, 
202 and stores the results in data arrays. For 
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purposes of clarity and consistency only, when the 
signal generator 105 is connected to the first signal 
path 107, all resulting measurements are considered 
forward direction measurements . Accordingly, the 
measurements made of the line 401 in the forward 
direction are represented as the data arrays: 

Af_iine_13f 
Bf_iine_13/ 

Rlf_iine_i3, and 

R2f_i ine _i3 • 

where each array comprises a series of measured points 
at specific frequencies along the desired frequency 
range . 

[21] With specific reference to FIGURE 4 of the 
drawings , the line 401 remains connected and the 
transfer switch 106 is reconfigured so that the signal 
generator 105 stimulates the second signal path 108 and 
the first signal path 107 is terminated in the transfer 
switch characteristic impedance 109 at the source. The 
configuration of the switch network 150 is not changed 
from the forward direction measurements . The signal 
generator 105 again sweeps the desired frequency range 
and the VNA 200 measures signal level from the first 
and second test channel receivers 111, 112 and the 
first and second reference receivers 201, 202 and 
stores them in data arrays. For purposes of clarity and 
consistency only, when the signal generator 105 is 
connected to the second signal path 108, all resulting 
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measurements are considered reverse direction 

measurements. Accordingly, the measurements made of 

the line 401 in the reverse direction are represented 
as the data arrays: 

A r _line_13, 
B r _line_13/ 

Rlr_iine_i3f and 

R2 r ^ii ne _i3 . 

where each array comprises a series of measured points 
at specific frequencies along the desired frequency 
range . 

[22] If a broader frequency range is necessary, the 
same measurement procedure is performed on the first 
direct pair, measurement ports 103i and 1033 in the 
specific embodiment, with a different airline covering 
a different frequency band. In addition, the matched 
loads 501 as shown in FIGURE 5 of the drawings may be 
used to simulate a high loss line having a perfect 
match in order to take measurements at lower 
frequencies than are practical with an airline 
calibration standard. Depending upon the matched load, 
the quality of the match at higher frequencies, and the 
desired frequency range, the matched loads may be used 
in place of the airline calibration standard. As new 
measurements are made for the different frequency 
ranges using the appropriate calibration standards, the 
results are stored in the forward and reverse direction 
arrays with each data point corresponding to a specific 
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stimulus signal frequency. Accordingly, the 
calibration frequency band can extend over more 
frequencies than is possible with a single airline 
calibration standard . 

[23] With specific reference to FIGURE 6 of the 

drawings, a next step in the calibration process is to 
connect and measure a source terminated through 
calibration standard 601 ("the thru 601") between each 
direct pair and if there are more than two measurement 
ports 103, each indirect pair. The thru 601 may have 
either a zero length or a non-zero length and in one 
embodiment, it is not necessary that the electrical 
length be a known value. In an alternate embodiment, 
if the electrical length of the thru 601 is known, it 
is not necessary to know the phase offset of the high 
reflect calibration standard 301. For on-wafer 
measurements, it is not possible to obtain a high 
quality zero thru calibration standard. Accordingly, 
for on-wafer measurements, a non-zero thru calibration 
standard and zero offset high reflect calibration 
standard is typically used. 

[24] The first measurement of the thru 601 is made of a 
source terminated thru 601. Using the first direct 
pair as an example, the transfer switch 106 is set so 
that the signal generator 105 stimulates the first 
signal path 107 and the second signal path 108 is 
terminated in the transfer switch characteristic 
impedance 109. The switch network 150 is configured so 
that the measurement port 103i accepts the stimulus 
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signal from the first signal path 107 and the sampling 
arm 113i is connected to the first test port 111. The 
switch network 150 is further configured so that the 
measurement port 1033 is terminated in the transfer 
switch characteristic impedance 109 through second 
signal path 108 and the sampling arm 113 3 is connected 
to the second test port 112. The unused measurement 
ports 103 are terminated in the local characteristic 
impedances 104 and the unused sampling arms 113 are 
terminated in local sampling arm terminating loads 116. 
The signal generator 105 sweeps the desired frequency 
range and the VNA 2 00 measures the signal level from 
the first and second test channel receivers 111, 112 
and the first and second reference receivers 201, 202 
and stores the results in memory. According to the 
nomenclature used for purposes of the present 
disclosure, because the signal generator 105 is 
connected to the first signal path 107, the resulting 
measurements are considered forward direction 
measurements. Accordingly, the measurements made of 
the source terminated thru 601 in the forward direction 
are represented as the arrays : 

Afnm_thru/ 
Bf nm_thrur 
Rlfnm_thru/ and 
R2 f nm_thru • 

where each array comprises a series of measured points 
at specific frequencies along the desired frequency 
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range and subscripts "n" and "m" refer to the 
measurement ports between which the thru 601 is 
connected where "m" is the source port and "n" is the 
receive port . 

[25] With specific reference to FIGURE 7 of the 
drawings, the thru 601 remains connected and the 
transfer switch 106 is set for the reverse 
measurements. Specifically, the signal generator 105 
stimulates the second signal path 108 and the first 
signal path is terminated in the transfer switch 
characteristic impedance 109. The switch network 150 
is unchanged. The signal generator 105 again sweeps 
the desired frequency range and the VNA 2 00 measures a 
signal level from the first and second test channel 
receivers 111, 112 and the first and second reference 
receivers 201, 202 and stores them in memory. Because 
the signal generator 105 is connected to the second 
signal path 108, the resulting measurements are 
considered reverse direction measurements. 
Accordingly, the measurements made of the source 
terminated thru 601 in the reverse direction are 
represented as the arrays : 



A 



■rnm thru/ 



B. 



'rnm thru/ 



Rl 



rnm thru/ 



and 



R2 



rnm thru • 



where each array comprises a series of measured points 
at specific frequencies along the desired frequency 
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range . 

[2 6] At this point in the process, enough measurements 
have been taken to calculate forward and reverse 
directivity, source match and reflection tracking for 
all direct and indirect pairs. The present 
organization of the process, however, completes all 
measurements and then calculates all ten error terms 
for each direct, indirect, and proximal pairs of 
measurement ports. It is further possible with the 
measurements taken thus far to calculate an electrical 
length of the sum of the thru calibration standard 601 
• and zero or offset high reflect standard 301 that is 
used in the calibration process by extrapolating an 
argument of the reflection tracking term to DC. It is 
also possible to determine a type of high reflect 
standard used in the calibration process. Additional 
details of the specific error term and electrical 
length calculations are described herein. 

[27] With specific reference to FIGURE 8 of the 

drawings and with the thru 601 still connected, the 
transfer switch 106 is configured so that the signal 
generator 105 is in the first signal path 107 and the 
second signal path 108 is terminated in the 
characteristic impedance 109. The switch network 150 
is configured so that the measurement port 103 is 
connected to the first signal path 107 and the 
respective sampling arm 113 is connected to the first 
test channel receiver 111. The remaining unused 
measurement ports 103 capable of connection to the 
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first test channel receiver 111 are terminated at 
respective local characteristic impedances 104. In 
addition, the sampling arms 113 of the unused 
measurement ports 103 are terminated in local sampling 
arm characteristic impedances 116. The switch network 
150 is further configured so that the measurement port 
103 capable of connection to the second test channel 
receiver 112 in the first direct pair is terminated at 
the respective local characteristic impedance 104 and 
the respective sampling arm 113 is connected to the 
second test channel receiver 112. The measurement 
ports 103 of the direct pairs not being measured are 
also terminated in local characteristic impedances and 
the respective sampling arms 113 are terminated in 
respective local sampling arm terminating loads 116. 
The signal generator 105 is again swept through the 
desired frequency range and for each frequency point in 
the range, the VNA 200 measures a reflection response, 
a transmission response and a stimulus of the locally 
terminated thru 601 and stores the data in the 
following arrays: 

A f nm_t e mat hru , 
Bfnm_termthru/ and 
R 1 f nm_termthru . 

[28] With specific reference to FIGURE 9 of the 

drawings, and with the thru 601 still connected between 
the measurement ports 103 of the first direct pair, the 
transfer switch 106 is re-configured so that the signal 
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generator 105 is in the second signal path 108 and the 
first signal path 107 is terminated in the 
characteristic impedance 109. The switch network 150 
is also reconfigured so that the measurement port 103 
in the first direct pair that is capable of connection 
to the second test channel receiver 112, measurement 
port 1033 in the illustrated example, is connected to 
the second signal path 108 and the respective sampling 
arm 113 3 is connected to the second test channel 
receiver 112. The measurement port 103 in the first 
direct pair that is capable of connection to the first 
test channel receiver 111, measurement port 103i in the 
illustrated example, is terminated in the respective 
local characteristic impedance 104i and the respective . 
sampling arm 113i is connected to the first test 
channel receiver 111. The measurement ports 103 of the 
direct pairs not being measured are locally terminated 
in their characteristic impedances 104. Additionally, 
the sampling arms 113 of the unused measurement ports 
103 are terminated in their respective local sampling 
arm terminating loads 116. The signal generator 105 is 
swept through the desired frequency range and for each 
frequency point in the range, the VNA 200 measures a 
reflection response of the locally terminated thru 601, 
a transmission response of the locally terminated thru 
601, and the level of the stimulus signal as measured 
at the second reference channel 202. The measured 
values are stored in data arrays: 

A r nm_t e rmt h r u / 
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Brnm_termthru, ^nd 
R2 rnm_termthru - 

[29] The same process is followed to measure and record 
similar measurements of the thru 601 for all remaining 
direct pairs and indirect pairs of the measurement 
ports 103. It is preferred to measure the same 
frequency points for all calibration measurements along 
the frequency range so that each array has a 
corresponding measured value for each frequency point. 
It is acceptable, however, to interpolate the data to 
obtain a value for a specific frequency value as long 
as the frequency value is within the boundary of the 
lowest measured frequency and the highest measured 
frequency in the desired frequency range and the 
interval between measured frequencies is small enough 
to fully characterize the DUT including any resonances 
thereof. If multiple line calibration standards are 
used to obtain a broader frequency range, the 
measurements taken by the VNA 200 are stored in 
appropriate array elements in a larger array having an 
element for each frequency along the frequency range of 
interest. Accordingly, multiple steps of connecting 
calibration standards and making measurements may be 
performed to completely populate a single data array. 

[30] With specific reference to Figure 10 of the 

drawings, there is shown a flow graph between any first 
port and any second port of the VNA 200. A multiport 
embodiment has a similar calibration flow graph for 
each of the direct pairs. The calibration flow graph 
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represents the forward directivity (shown as "EDF" in 
the '511 patent and Sxu in the present teachings) 
1901, forward source match (shown as "ESF" in the f 511 
patent and Sx 22 in the present teachings) 1902, and 
forward reflection tracking error coefficients (shown 
as "ETF" in the 1 511 patent and Sxi 2 Sx 2 i in the present 
teachings) 1903 for the X error adapter 1910. The 
calibration flow graph also represents reverse 
directivity (shown as "EDR" in the ! 511 patent and Syn 
in the present teachings) 1904, reverse source match 
(shown as "ESR" in the f 511 patent and Sy 22 in the 
present teachings) 1905, and reverse reflection 
tracking (shown as "ERR" in the '511 patent and Syi 2 Sy 21 
in the present teachings) error coefficients 1906 for 
the Y error adapter 1920. Not shown on the flow graph, 
but four remaining error coefficients that are also 
used in the ten term error correction process are 
forward transmission tracking (shown as "ETF" in the 
r 511 patent and in the present teachings where port 

"m" sources a stimulus and port "n" is the measurement 
port), forward load match (shown as "ELF" in the f 511 
patent and r m in the present teachings for port "m"), 
reverse transmission tracking (shown as "ETR" in the 
f 511 patent and imn in the present teachings where port 
"n" sources a stimulus and port "m" is the measurement 
port) , and reverse load match (shown as "ELR" in the 
'511 patent and r n in the present teachings for port 
"n"). An embodiment of a method according to the 
present teachings determines the error coefficients for 
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each direct and indirect pair based upon measurements 
of the TRL calibration standards for each direct and 
indirect measurement port pair. The flow graph 
represents an S-parameter matrix for the X error 
adapter 1910, S x/ which corresponds to a subset of the 
error artifacts for a first measurement port 103 in the 
direct or indirect pair, and an S-parameter matrix for 
the Y error adapter 1920, S y/ which corresponds to a 
subset of the error artifacts for a second measurement 
port 103 in the direct or indirect pair. The remaining 
error coefficients are calculated from the X and Y 
error adapter error artifacts. 

[31] S-parameter matrix S ac t represents the S-parameters 
of a calibration standard without the contribution of 
the X and Y error adapters. The S-parameter matrix of 
the X error adapter may be expressed as T-parameters 
using the following known conversion where port 1 
represents a port from which a measurement is taken and 
port 2 represents a port that sources a stimulus 
signal : 



Tx = 



~Tx u Tx n 
Tx 2l Tx 22 



1 

Sx 2l 
Sx u 

Sx 2X 



-Sx 



22 



Sx 2} 

Sx x2 Sx 2x Sx xx Sx 22 



(1) 



Sx 



21 



[32] Accordingly, the matrix Sx may be converted into 
corresponding T-parameters expressed as Tx. If the 
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matrix T act _ t hru expresses the T-parameters of just the 
thru 601 and T meas _thru expresses the T-parameters of the 
thru 601 as measured in context with the X and Y error 
adapters, then the following relationship holds true: 



[33] Similarly, if the matrix T act _iin e expresses the T- 
parameters of just the line 4 01 and T mea s_iine expresses 
the T-parameters of the line 401 as measured in context 
with the X and Y error adapters, then the following 
relationship holds true : 




(2) 




(3) 



If the following relationships are defined: 




-l 



(4) 



and 




-l 



(5) 



meas x' 



then the following equation can be written: 
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T x T a 



«=T : 



x^act x _i meas x x x 



(6) 



[34] The thru 601 and the line 401 are each assumed to 
be perfectly matched. Therefore, the value of their 
reflection coefficient in the respective actual S- 
parameter matrix is set to zero. If the thru 601 has a 
non-zero length transmission coefficient, it is defined 
by S 2 i_thru = Si2_thru - The line 4 01 has a transmission 
coefficient defined by S2i_iine=Si2_iine. From equation 
(4), therefore T act _ x may be expressed as: 



T 

act x 



s 



2 1 _ thru 
3 21_//m? 

0 



0 

*^21 thru 



(7) 



[35] Measurements of the source thru 601 and the source 
terminated line 4 01, each provide eight frequency 
dependent arrays of measured and stored results . 
There are four thru forward reflection and transmission 
arrays and four thru reverse reflection and 
transmission arrays. The arrays of measured data for 
the source terminated thru 601 are used in an 
algorithmic formulation in the S-parameter domain to 
compensate for the presence of the signal transfer 
switch 106 prior to calculation of the T meas x matrix. 
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The effect of the transfer switch 106 of the 
uncorrected measured S-parameter for the thru and line 
calibration standards , 

Smeas line and S meas thru, are 

corrected by the formulation given by: 



transferswitxh _ corrected 





A r Kl, 


Rl, 


R2 r R\, 


1- 


R2, Rl r 


Rl, R2 r 


B, 


B r R2, 


m, 


R2 r R\, 


l- 


R2 f R\ r 


Rl, R2 r 



A, 



A, Rl. 



R2 r 


Rl, R2 r 


1- 


R2, Rl r 


Rl, R2 r 


B r 


B, Rl r 


R2 r 


Rl, R2 r 


1- 


R2, Rl r 


Rl, R2 r 



(8) 



where A f ,B ff R\ f and /?2 / are the forward direction raw 

measurement data, i.e. when the signal transfer switch 
106 is directing the signal generator 105 to the first 
signal path 107, and A r , B r , R\ r and R2 r are the reverse 
direction raw measurement data, i.e. when the signal 
transfer switch 106 is directing the signal generator 
105 to second signal path 108. After using this 
correction, the relevant S-parameter matrices are 

S m easnm_thru_transf erswitch_ corrected ^nd 

S m easnm_line_transferswitch_corrected where "n" and "itl" represent 

the port numbers between which the respective 
calibration standards are measured. _ 

[36] Using the first direct pair as an example, 
measurement ports 103i and 103 3 , a corrected S- 
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parameter matrix of the thru 601 measured in cascaded 
combination with the X and Y error adapters for the 
first direct pair is expressed herein as 

^measl3 thru transf erswitch corrected* 

The correction formulation 
shown in equation (8) uses the arrays: A f i 3 _ t hru/ B f i 3 _ thru , 

Rlfl3_thru/ R2fi3_thru/ A r i3_ t hru> B r i3_ t hru/ Rlrl3_thru/ and 
R2 r l3_thru tO Calculate S mea sl3_thru_transferswitch_corrected« 

Converting the S mea si3_thru_tranferswitch_corrected matrix to the 
corresponding T-parameters using equation (1) yields 

matrix T me asl3_thru_transferswitch_corrected- TO Obtain the 
Smeasl3_line_transferswitch_corrected matrix for the first direct 

pair, the correction formulation shown in equation (8) 
uses the arrays: A f i 3 _ line , B fl3 _ line , Rl f i 3 _iine, R2 f i 3 _iine, 
A r i3_iine, B r i 3 _ line/ Rl r i3_iine/ and R2 r i 3 _ line . Converting the 

Corrected 3 mea sl3_line_transferswitch corrected matrix to the 

corresponding T-parameters, yields matrix 

T m ea sl3_line_transf erswitch_corrected • The 

Tmeasl3_thru_transf erswitch_corrected and T me asl3_line_transf erswitch_corrected 

matrices are used in equations (4) and (5) to calculate 
T a ct_x and T meas _ x . 

[37] Referring now to the general case, T x is the T- 

parameter matrix for the X error adapter and is defined 
by its matrix elements as: 



Tx = 



'J-'X 1 1 'J.X^ 2 

Tx Tx 



(9) 



T me as_x is also defined by its matrix elements, and is 
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represented as: 



T 

* meas x 



T T 

A meas _x\\ meas _x\2 

T T 

* meas x2\ meas _x22 



(10) 



From equation (5), T meas _x for measurement ports 103i and 
103 3/ which is expressed as T meas i 3 _ x , is calculated using 
the 

-*-measl3 thru transf erswitch corrected clliu 

Tmeasis line transf erswitch_corrected matrices. Accordingly: 



7 — T T 1 

meas \3_x ~~ 1 meas 1 3 _ line _ transfer itch _ corrected J meas 1 3 _ thru _ transferswitch _ corrected 



[38] Using the relationship in equations (4), 

substituting the terms in equation (6), and eliminating 
the S 2 i_thru/S 2 i_iine term, the following general equation 
can be written: 



7jC 21 ( T meas _x\\ ^ *\^T meas _x\2T meas _x2\ ^^meas^xU ^ meas _x 22) + ^ meas _x22 ) 



(11) 



meas x\2 



and 



TX 22 ( ^meas_x\\^' meas _x\2 ±P meas ^X^^ meas _x\\ ? meas _x 22) + ^meas _x2l) (12) 
^-^|2 ^^meas _ x\2 
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Based upon the T-parameter to S-parameter conversion, 
Tx Tx 

— —and —22. i n terms of the corresponding S-parameter 
lx u lx n 

error adapter matrix may also be expressed as: 



and 



^ = Sx u =B (13) 
Tx u 



?*2L = Sx n - SXl2SX2 * =A (14) 
Tx n Sx 22 



[39] As one of ordinary skill in the art can 

appreciate, equations (11) and (12) are equal. Because 
there is a square root in the solution, there are two 
possible mathematical solutions. The smaller valued 
solution, defined by B, corresponds to the directivity 
error coefficient, S x n 1901, of error adapter X. The 
larger valued solution, defined by A, is a mathematical 
combination of source match 1902 and reflection 
tracking 1903. 

[40] As mentioned before, at frequencies around 500 MHz 
and below, the dimensions of the line 401 become very 
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large and not practical. Calculation of the directivity 
1901 and the solution represented by A for the lower 
frequencies uses the measurements taken of the two 
high-quality matched loads 501 instead of the line 601. 
It is assumed that the matched loads 501 are perfectly 
matched to the measurement port and have a zero 
reflection coefficient. The same algorithmic 
formulations shown in equations (5) through (14) are 
used. To understand the usage of the measurement 
results from the two matched loads, note that the thru 
601 has a non-zero-length transmission coefficient 
defined by Si 2 thru = Si2thru- The matched loads 501 have a 
transmission isolation coefficient defined by 
S2iioad=Si2ioad- Due to the high isolation between the 
matched loads 501 , S2iioad is close to a zero value. 
Accordingly, S2iioad is set to a very small, non-zero 
value, such as 10" 10 in order to avoid division by zero 
ambiguity in the S-parameter to T-parameter conversion. 
From this, T ac t_x at the lower frequencies can be 
calculated and is given by: 



J 2\_lhru 

0 



0 
10-'° 

^21 thru 



(15) 



[41] As shown before, by using equations (4) and (5), 
substituting results into equation (6) and eliminating 
the S 2 i thru/10" 10 term, equations (11) and (12) are 
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derived. The S-parameters from the matched loads 501 
are corrected using equation (8) to yield 

Smeasl3_load_transferswitch_corrected/ which is then Converted 
USing equation (1) tO yield T me asl3_load_transferswitch_corrected • 
The T mea sl3_load_transferswitch_corrected term is Used to Calculate 

T me asi3_x in place of the terms measuring the line 401. 
The calculations in equations (11) and (12), therefore, 
are the same as for the line 401. 

[42] A similar process is performed to calculate terms 
in the error adapter Y. Beginning with equations (2) 
and (3) and defining the following relationships: 

Tact_y = Tact_thru 1 T act _line (16) 

and 

Tmeas_y =: 1meas_thru T meas ^ii ne (17) 

then the following equation can be written: 

T a ct_yTy = TyT me as_y (18) 

[43] With specific reference to Figure 10 of the 

drawings, the known conversion for T-parameter matrix 
for the error adapter Y in terms of the S-parameters 
where port 1 is on the right and port 2 is on the left 
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when looking at the DUT 101 is: 



Ty = 



~Ty u Tx n 
Jy 2] Ty 22 



1 


-Sy u 




Sy i2 


Sy 22 


Sy l2 Sy 2l -Sy u Sy 22 


Sy l2 


Sy n 



(19) 



[44] Accordingly, the matrix Sy may be converted into 
corresponding T-parameters expressed as Ty. The 

T me asl3_thru_corrected and T mea sl3_line_corrected matrices have 

already been calculated and are used in equation (17) 
to calculate T meas i3_ y , where: 



T T 

r _ ■* meas\3_y\ 1 x meas\3_y\2 

meas\3_y <t» y 

_ meas\3_y2\ 1 meas 13 _y 22 



(20) 



[45] Using equation (18), substituting the relationships 
in equations (16) and (17) and eliminating the 
S2ithru/S2iiine term, the following equation for the first 
direct pair can be written: 



Ty n ( ^meas\3_y\\ + ^^measl3_y\2^meas\3_y2l + (Tmau\3_yl 1 ^meosl3_.y22 ) + ^meas\3_y22 ) ^2\) 
Ty X \ ^meas\3_y2\ 



and 
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Ty 22 _ ( r ^meas\3_y\ 1 -\j ^^meas 13 _ yU^meas 13 _y2\ + ^Tmeas\3_y\\ ^measl3_y22 ) ~*~ ^mefMl3_>>22 ) (22) 



v 22 _ 



T 1 7 1 

[46] From equation (19), —and in terms of the 

Ty u Ty 2] 

corresponding the S-parameters for the error adapter Y 
is also given by: 



^ = Sy u =D (23) 



and 



7>2i s y 22 



[47] As one of ordinary skill in the art can 

appreciate, equations (21) and (22) are equal and 
because of the square root have two solutions . The 
smaller value or the first solution, defined by Syn, 
corresponds to the" directivity error of the Y error 
adapter. The larger value or the second solution, 
defined by C, corresponds to the error coefficient, 

^12^21 -Sy n , for the Y error adapter. 
Sy 22 
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[48] With reference to the portion of the calibration 
procedure that measures the high reflect calibration 
standard as illustrated in FIGURE 2 of the drawings, 
the high reflect standard 301, is connected to one 
measurement port 103i of the first direct pair and the 
same high reflect standard 301 is disconnected from the 
measurement port 103i and is then connected to the 
other measurement port 103 3 of the first direct pair. 
With specific reference to FIGURE 10 of the drawings 
the following equation can be written: 



r _ O v , £*1 2 2 1 ^act _ reflect _x / o c \ 

1 meas _reflect _x ~ OX 1 1 i _ O v 1 ' 

1 OX 22 l act _ re ji ect _ x 



where r meas _refiect_x is the measured reflection 
coefficient of the high reflect standard 301 at the 
measurement port capable of connection to the first 
test channel receiver, measurement port 103i in the 
first direct pair, and r ac t_refiect_x is the actual 
reflection coefficient of the high reflect standard at 
the same measurement port 103i. The same high reflect 
calibration standard 301 is connected to the opposite 
port in the first direct pair, measurement port 103 3 in 
the specific example. With respect to the error 
adapter Y, the following equation can also be written: 
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Sy l2 Sy 2 

act _reflect _> 
1 ~ ^ 22 ^aci _ reflect _ y 



_ O,, , 12 act_reflect _y / O £ \ 

Lmeas reflect y " W 1 + ~ o ~ ( 26 > 



whe ire Tineas reflect y is the measured reflection 
coefficient of the high reflect standard 301 at 
measurement port 103 3 and r act _ re fi e ct_y is the actual 
reflection coefficient of the high reflect standard at 
the measurement port 103 3 . A value for the measured 
reflection coefficient of the high reflect standard, 
Tineas reflect x/ for the measurement port 103i may be 
obtained from the following measured and stored arrays 
A re fiect_i/ R lrefiect_i • Similarly, a value for the measured 
reflection coefficient of the high reflect standard, 
rmeas refiect_yf for the measurement port 103 3 may be 
obtained from the following measured and stored arrays 
Brefiect 3/R2 re fiect 3- Because the same high reflect 
standard is connected to measurement ports 103i and 
1033, it is possible to solve for r act _ re fiect_x in 
equation (25) and r act _ re fiect_y in equation (26), and set 
the r terms equal to each other. From the resulting 
relationship and equations (13), (14), (23), (24), (25) 
and (26), the following relationship can be written: 



S x — ^ ^ ^meas _ reflect _ x )( ^ £ meas _ reflect _ y ) ^22 (27) 



(A- 

J" meas _rejkect _x)( D - r meas_reflect_y) 



As one of ordinary skill in the art appreciates, 
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equation (27) has two unknown terms, but permits the 
expression of Sx 2 2 in terms of Sy 2 2 • Accordingly, 
another relationship is necessary in order to solve for 
these two unknown terms . 

[49] With specific reference to FIGURES 7 and 10, the 
following equation can also be written: 



S ^ {28) 
_ thru U ^S^S^ 



where r mea s_thruii is measured as A f i3_ thru /Rlf i3_thru for the 
measurement port of the first direct pair that is 
capable of connection to the first test channel 
receiver 111. From (13), (14), (23) and (24), the 
following can be written: 



§X — \ —— ^ meas - re ^ ect - x jl^fl ^meas _ reflect _y^(^ ^ meas _thru\ \ ) (29) 
V (A ~" ^ meas ^reflect _x )(^ ^ meas _ reflect _y X^ ~~ ^meas_thru\ 1 ) 



SX22 is the source match error coefficient at the first 
measurement port 103. Due to the square root function 
in equation (29), there are 2 possible solutions for 
Sx 2 2- Additional information is needed, therefore, to 
solve for the appropriate solution for the present 
measurement . 

[50] The reflection-tracking error coefficient S x i 2 S x2 i 
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is calculated for each of the two possible solutions to 
yield : 

^X12^X2\ = A) S x 22 _ so t ution j (30) 

and 

^X\2^X2\ = ifi ~ A) S X22 soiution 2 (31) 

[51] . Squaring either equation (30) or (31) provides the 
complex value (S x i 2 S x2 i) 2 . Because the square of the 
reflection-tracking coefficient is a complex variable, 
its square root has two solutions . Each of the two 
solutions has the same magnitude, but they are 180 
degrees out of phase. Only one of the solutions is 
proper. To select the proper solution, both solutions 
for reflection tracking are solved at DC. Based upon 
the properties of reflection tracking, the argument of 
the proper solution is zero at DC. Given this boundary 
condition, therefore, the solution for reflection 
tracking with an argument closest to zero at a DC 
frequency is the proper solution and a value for the 
reflection tracking parameter may be determined. 

[52] Because S-parameter measurements are not taken at 
DC, the function that is fit to the argument of the 
reflection-tracking coefficient is extrapolated to a 
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frequency value at DC. Specifically, the argument, 0, 
for each solution is calculated as a function of 
frequency. A first solution for the argument is 
represented as 0 ( f ) S x22_soiutioni and a second solution is 
represented as 0 ( f ) S x22_soiution2 . For each solution, as 
the calculated function of frequency crosses through 
+180 or -180 degree points, 360 degrees is added to 
form a continuous function of phase as a function of 
frequency. Each resulting continuous function is fitted 
using a least sum squared fitting algorithm with a two 
term polynomial where f represents a frequency value 
and where: 



i 



@(f)sx22_soiution\ —^j^if ~ 4) _ sx 22 _solution\ + 4 _sx22_solution\f ( 32 ) 

and 

@(f)sx22_so/ution2 = ^ ^if = A) _sx 22 _solulion2 + 4 _sx22 _solution2f ( 33 ) 



/=0 



1 



/=0 



[53] Each two term polynomial defines a straight line 
with slope, Ai_ sx2 2, and y-intercept, A 0 _ S x22- The y- 
intercept represents a value of 0 at DC. Of the two 
possible solutions for A 0 _ S x22/ only one of the solutions 
has a y-intercept of zero. Accordingly, whichever 
value, Ao_ SX 22_soiutioni or A 0 _sx22_soiution2, is closest to a 
zero value is the proper solution. When the proper 
solution is identified, both the magnitude and phase 
are then calculated for the reflection tracking 
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coefficient, S x i 2 S x2 i. From the calculation of the 
reflection tracking coefficient, source match error, 
S X 22/ is calculated where: 

^ 22 =%% L (34) 
B — A 

The factors represented as "B" and "A" are known from 
equations (13) and (14). Accordingly, the source match 
error, S x22 , is also fully determinable. 

[54] When a value for Sx 22 is known, a value for Sy 22 may 
be calculated from equation (27). Sy 22 is the source 
match error coefficient of error adapter Y at the 
measurement port capable of connection to the second 
test channel receiver 112, which is measurement port 
103 3 in the specific example. 

[55] A definite value for Sy 22 and equations (23), (24) 
and (27) permit calculation of a reflection tracking 
for the error adapter Y and is given by: 

Sy l2 Sy 2i =(D-C)Sy 22 (35) 

[56] Accordingly, the directivity, source match and 
reflection tracking for the error adapter X and the 
error adapter Y for the first direct pair is 
determined. The same process is followed to calculate 
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the directivity, source match, and reflection tracking 
for the X and Y error adapters for each direct and 
indirect pair. The X error adapters are defined as the 
error artifacts presented in series with the 
measurement ports 103 capable of connection to the 
first test channel receiver 111. Similarly, the Y 
error adapters are defined as the error artifacts 
presented in series with the measurement ports 103 
capable of connection to the second test channel 
receiver 112 . 

[57] In the specific four-port embodiment, the 

measurements and calculations described herein for 
measurement ports 103i and 103 3 yield directivity, 
source match and reflection tracking for the error 
adapter X related to measurement port 103i and 
directivity, source match, and reflection tracking for 
the error adapter Y related to measurement port 1033 . 
The same measurements and calculations described herein 
for measurement ports 103i and 103 3 are performed for 
the second direct pair and if source terminated 
measurements are taken for the indirect pairs, all 
indirect pairs as well. If source terminated 
measurements are- not taken for the indirect pairs, 
directivity, source match, and reflection tracking are 
determined according to the teachings US patent 
application Ser. No. 09/954,962 (herein "the '962 
patent application"), the teachings of which are hereby 
incorporated by reference. In a certain multiport 
embodiment, the same measurements and calculations are 
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made for each direct pair and indirect pair to yield 
directivity, source match and reflection tracking for 
the error adapter X related to the measurement port of 
the direct or indirect pair capable of connection to 
the first test channel receiver 111 and directivity, 
source match, and reflection tracking for the error 
adapter Y related to the measurement port of the direct 
or indirect pair capable of connection to the second 
test channel receiver 112. Accordingly, an N port DUT 
100 has N(N-l)/2 different X and Y error adapters 
associated therewith. In another multiport embodiment, 
the disclosed measurements are made for all direct 
pairs to calculate directivity, source match, and 
reflection tracking and the error terms for the 
indirect pairs are calculated according to the ? 962 
Patent Application . 

[58] Using the forward reflection and transmission 
measurements made on the locally terminated thru 601, 
which in a specific example of the first direct pair 
are the Afi3_ te rmthru, Bfi3_termthru/ and Rl f i3_termthru arrays, it 
is possible to solve for a load match error coefficient 
presented at the measurement port capable of connection 
to the second test channel receiver 112 and a forward 
transmission tracking error coefficient for the first 
direct pair. The load match for the measurement port 
1033, r /3 , and forward transmission tracking for the 
first direct pair,r 13 , are given by: 
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_ (^/I3_termthru ^ ^ f\2_termthru ) 

i L3 _ (-3d) 

Sx u Sx 22 -Sx n Sx 2l -Sx 22 (A fl3 termthru I R\ fn termthru ) 



and 



T 13 - (Bfi3_iermthru I ^ f\ 3_ termthru )0 ~ ^ X 22^L3 ) ( ^ 7 ) 



[59] Using the reverse reflection and transmission 
measurements made on the locally terminated thru 601, 
which in a specific example of the first direct pair 

are the A r i 3 _t e rmthruf B r i3_termthru/ and R2 f i3_terrathru arrays, it 

is possible to solve for a load match error coefficient 
presented at the measurement port capable of connection 
to the first test channel receiver 111 and a reverse 
transmission tracking error coefficient for the first 
direct pair. The load match for the measurement port 
103i, F Ll , and the reverse transmission tracking 
coefficient, r 31 , are given by: 



Y ffVn (B rl3(ermthru I R2 rU termlhrv ) (38) 

" Sy n Sy 22 -Sy l2 Sy 2l -Sy 22 (B ri3 , ermlhn /R2 rn Kmlhn ) 



and 



r 3i = (4i3_, e ™,* re ^,i3_*-*.)0 -^22 r ti) (39) 
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[60] In the specific illustrated embodiment, using the 
measurements made of the locally terminated thru 601 
for the second direct pair, the same algorithmic 
formulations shown in equations (36) through (39) as 
described for the first direct pair are applied to the 
measurement ports of the second direct pair. 
Accordingly, forward and reverse directivity, source 
match, reflection tracking and load match error 
coefficients for each measurement port in the direct 
and indirect pairs and forward and reverse transmission 
tracking error coefficients for all direct and indirect 
pairs are determined . 

[61] In a multiport embodiment of a method according to 
the teachings of the present invention, the forward and 
reverse directivity, forward and reverse source match, 
forward and reverse reflection tracking, forward and 
reverse load match, and forward and reverse 
transmission tracking error coefficients for each 
measurement port in all of the direct pairs are 
similarly determined . 

[62] Because the directivity, source match and 
reflection tracking are fully determinable, 
characteristics of the high reflect calibration 
standard 301 may also be calculated. Using equations 
(25) or (2 6) and solving for r act _ re fiect_x or r act _ re fiect_y, 
yields : 
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T — meCIS - re fl eCt - X I A (\ \ 

1 act_reflect_x ~ TZ p ( 4 U ) 

\A — L me as ^reflect _x ) ^x22 



or 



^ ^ meas _ reflect _ y 



|— > meas _ rejtea _ y 

1 act _ reflect _y ~~ (s-> T^" 

W 1 meas _ reflect _y / a y 22 



[63] The argument of r a ct_refiect_x as a function of 

frequency, where 360 degrees is added as the function 
passes through the +/-180 degree points as previously 
described, is fitted to a least sum squared fitting 
algorithm with a two term polynomial as in equations 
(32) or (33). The resulting two term polynomial that 
describes the proper function includes A 0 _ract_refiect x as 
the y-intercept and Ai_ rac t_refiect_x as the slope. If 
A 0 _ract_refiect_x has a value closest to 180 degrees, then 
the high reflect calibration standard 301 has a short 
circuit reflection coefficient. If A 0 _ract reflect x has a 
value closest to 0 degrees, then the high reflect 
calibration standard 301 has an open circuit reflection 
coefficient. Accordingly, the type of high reflect 
calibration standard measured can be deduced from the 
least sum square fit calculations. If the electrical 
length of the thru 601 is unknown, however, it is 
necessary to know a phase offset of the high reflect 
calibration standard 301 for additional correction. If 
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the electrical length of the thru is known, it is 
possible to determine a type of high reflect 301 and 
calculate the phase offset of the reflect 301. 

[64] The forward and reverse transmission tracking 
error coefficients of the proximal pairs are: r 12 , r 21 , 
r 34 , and r 43 , which may be determined either through 
measurement and calculation or through pure 
calculation. The method for pure calculation of the 
forward and reverse transmission tracking error 
coefficients is taught in US Patent Application Ser. 
No. 10/098,040, the teachings of which are hereby 
incorporated by reference. 

[65] Alternatively and with specific reference to 
FIGURE 11 of the drawings, the forward transmission 
tracking error coefficient for each proximal pair where 
both measurement ports 103 of the proximal pair are 
capable of connection to the first test channel 
receiver 111 is measured and calculated by connecting 
the thru 601 between the measurement ports 103 of the 
proximal pair, connecting the signal generator 105 to a 
first one of the measurement ports 103 of the proximal 
pair and terminating the sampling arm 113 in a local 
terminating impedance 116. For purposes of 
nomenclature, the first measurement port 103 of the 
proximal pair is designated as "port F ,f . The other 
measurement port 103 of the proximal pair, which for 
purposes of nomenclature is designated as "port G", is 
terminated in a local terminating impedance 104, and 
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the respective sampling arm 113 is connected to the 
first test channel receiver 111. The VNA 200 measures 
and stores a ratio of a transmission response over the 
reference signal, A fFG termthru/Rl fFG termthru • The ratio is 
used in the transmission tracking error coefficient 
equation where: 

T FG ~ ( ^JFG _ termthru ' ^ JFG _ termthru ) 0 ~~ SX 22 T ) (41) 

[66] The reverse transmission tracking error 

coefficient for the same proximal pair, ports F&G, 
where both measurement ports 103 of the proximal pair 
are capable of connection to the first test channel 
receiver 111 is measured and calculated by keeping the 
connection of the thru 601 between the measurement 
ports 103 of the proximal pair, connecting the signal 
generator 105 to the second one of the measurement 
ports 103 of the proximal pair and terminating the 
sampling arm 113 in a local terminating impedance 116. 
The first one of the measurement ports 103 of the 
proximal pair is terminated in the local terminating 
impedance 104, and the respective sampling arm 113 is 
connected to the first test channel receiver 111. The 
VNA 200 measures and stores a ratio of a transmission 
response over the reference signal, 
A rF G_termthru/RlrFG_termthru- The ratio is used in the 
transmission tracking error coefficient equation where: 
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T ~ ^rFGjermthru / rFG termthru ) 0 ~~ S X 22 ^portG^ portG ) ( 42 ) 

[67] For purposes of illustration and with 

specific reference to FIGURE 11, there is shown 
connection diagrams for the determination of the 
forward and reverse transmission tracking error 
coefficients for the proximal pair comprising 
measurement ports 103i and 103 2 . The forward 
transmission measurement is made by connecting the 
signal generator 10 5 to the first signal path 107 . The 
switch network 150 is configured so that the first 
signal path 107 is connected to the measurement port 
103iand the respective sampling arm 113i is terminated 
in the local sampling arm impedance 116i- The switch 
network 150 is further configured so that the 
measurement port 103 2 is terminated in the local 
terminating impedance 104 2 and the sampling arm 113 2 is 
connected to the first test channel receiver 111. The 
signal generator 105 sweeps through the plurality of 
frequencies that define the desired frequency range and 
measures the ratio A f i 2 termthru/Rl fl2 termthru* Using 
equation (40) the forward transmission tracking error 
coefficient for the proximal pair is calculated as : 

r i2 = (^f\2_termthru ^ ^\ f \2 jermthru) 0 ~* ^ X 22 _ port 1 ^ port I ) 

[68] The connection of the thru 601 between the 
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proximal pair and the signal transfer switch 106 
configuration are maintained. With specific reference 
to FIGURE 12 of the drawings, the switch network 150 is 
reconfigured so that the measurement port 103 2 is 
connected to the first signal path 107 and the 
respective sampling arm 113 2 is terminated in the local 
sampling terminating impedance 11 62- Additionally, the 
switch network 150 is configured so that the 
measurement port 103i is terminated in the local 
terminating impedance 104i and the sampling arm 113i is 
connected to the first test channel receiver 111. The 
signal generator 105 sweeps through the plurality of 
frequencies that define the desired frequency range and 
measures the ratio A r i 2 _termthru/Rlri2_termthru - Using 
equation (41) the reverse transmission tracking error 
coefficient for the proximal pair is calculated as: 

T 2\ = (.^r\2_termthru ^K\2 _termthru)0 ~~ ^ X 22 _ port 2^ port 2 ) 

[69] The same measurement and calculation process is 
repeated for the remaining proximal pairs, which in the 
illustrated embodiment is the proximal pair comprising 
measurement ports 103 3 and 103 4 . As one of ordinary 
skill in the art appreciates, the measurements for the 
proximal pair capable of connection to the second test 
channel receiver 112 are carried out using the same 
process, but with the second test channel receiver 112 
and the second reference channel 202 as measurement 
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devices. In a multiport embodiment, the measurement 
and calculation process is repeated for all of the 
proximal pairs. 

[70] When all ten error coefficients are known for each 
direct, indirect, and proximal pair of measurement 
ports, the DUT is inserted and measured by the VNA . 
The resulting measured S-parameters for each direct and 
indirect pair of the inserted DUT are corrected 
according to the '511 patent to arrive at actual S- 
parameters for the DUT, S act n, S ac t22, S act i 2 , and S act 2i for 
each direct and indirect pair. U.S. Patent Application 
Ser. No. 09/954,962 (herein "the '962 Patent 
Application"), the teachings of which are hereby 
incorporated by reference, teaches a process for 
accepting a plurality of actual S-parameter matrices, 
each actual S-parameter matrix representing one direct 
or indirect pair. Multiple direct and indirect pairs 
are used to represent a single multiple-port DUT. 
According to the teachings of the '962 Patent 
Application, the multiple actual S-parameters for the 
two-port devices that combine to represent the multi- 
port DUT are normalized to impedances presented to the 
measured ports by the multiport test set. The multiple 
S-parameter matrices are combined into a larger 
normalized single S-parameter matrix to represent the 
corrected and normalized S-parameters that represent 
the DUT as a whole. The larger S-parameter matrix is 
further -normalized to a characteristic impedance, for 
example 50ohms. For purposes of the remaining 
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disclosure, the measured, corrected and normalized S- 
parameter matrix for the DUT is referred to as the 
matrix S. 

[71] Because the calibration process uses a non-zero 
through calibration standard 601 and perhaps an offset 
high reflect calibration standard, a reference plane 
based upon the through calibration standard 601, termed 
a "shifted calibration reference plane", is placed in 
the center of the electrical length representing the 
aggregate of the electrical lengths of any delay of the 
non-zero through calibration standard 601 and any 
offset of the high reflect calibration standard 301. 
In on-wafer measurements, it is typical to have a zero 
offset high reflect calibration standard and an unknown 
non-zero through calibration standard. For coaxial 
measurements, it is possible to calibrate with a zero 
delay through and an offset high reflect. The 
teachings herein accommodate both situations as well as 
other combinations of through and high reflect 
calibration standards not specifically mentioned. 
FIGURE 6 of the drawings, illustrates a placement of 
the shifted calibration reference plane 701. The 
proper reference plane for measurement of the DUT, 
however, is a reference plane that is disposed at each 
measurement port that connects to the DUT, termed "the 
DUT reference plane". The DUT reference plane for port 
1 is shown as 702 in FIGURE 6 of the drawings. Each 
measurement port 103 has a respective and similarly 
situated DUT reference plane. In order to establish 
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the DUT reference plane for all measurements , S- 
parameters for each direct and indirect pair are phase 
shifted. The amount of phase shift required for the S- 
parameters is calculated from a determination of the 
electrical length of the non-zero through calibration 
standard. The mispositioning of the reference plane may 
be corrected by determining the electrical length of 
the combination of the thru 601 and the offset high 
reflect calibration standard 301 and ad j us ting 
respective measured and corrected S-parameters 
accordingly . 

[72] If the electrical length of the thru 601 is 
unknown and the offset of the high reflect 301 is 
known, the electrical length of the non-zero thru 601 
between each direct and indirect pair, may be 
determined. Begin with the least sum squared fit 

(refer to equation (32) and accompanying text) of the 
measured reflection parameter r ac t_refiect_x as an example 

(refer to equation (40) and accompanying text) of the 
measurement port for the direct or indirect pair of 
interest. The slope of the function, Ai_ ract _ re f iect_x / 
represents a derivative of the argument of the high 
reflect calibration standard 301. The derivative of 
the argument defines a change in phase with respect to 
the corresponding change in frequency as a function of 

de 

frequency or . Any phase delay as a function of 

df 

frequency that is measured when the high reflect 
calibration standard 301 is connected that cannot be 
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attributed to the high reflect calibration standard 
offset can be attributed to the phase delay introduced 
into the measurement as a result of the calibration 
process using the non-zero through 601. If the 
electrical length of the non-zero thru is known, then 
any phase delay that cannot be attributed to the thru 
calibration standard 601 can be attributed to the 
offset of the high reflect calibration standard 301. 
This phase delay attributable to the non-zero thru 601 
and/or the offset reflect calibration standards, 
therefore, may be removed from the final DUT 
measurement when the electrical lengths are known. In 
the case of a zero offset high reflect standard, the 
phase shift of the high reflect standard 301 as a 
function of frequency is equal to the negative of the 
phase shift introduced by the non-zero thru 601. The 
aggregate electrical delay of the non-zero through and 
the offset of the high reflect calibration standard, 
represented as T in seconds, is defined as: 



T = --f£- (43) 
360# 



Accordingly, the electrical delay, T, as a function of 
frequency is expressed as: 



T — ^-\_Tacl _reflecl _x ( 44 ) 
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[73] The electrical length, 1, in centimeters is 

calculated from the electrical delay as a function of 
frequency where c is equal to 2.99793xl0 10 or the' speed 
of light in centimeters per second and: 



1 = CT (45) 



The process to determine the electrical length, 1, of 
the aggregate offset from the non-zero thru 601 and/or 
offset high reflect is repeated for each one of the 
direct and indirect pairs. The electrical length may 
be calculated or measured for the indirect and proximal 
pairs. As a practical matter in the case of on-wafer 
measurements, even if the same on-wafer calibration 
standard is used, a different landing is made for each 
direct and indirect pair. Because the through 
calibration measurement for each direct and indirect 
pair has a different landing, the electrical length of 
the through calibration standard will be different for 
each direct and indirect pair. Accordingly, a 
different electrical length is maintained for each 
direct, indirect, and proximal pair. 

[74] In many cases, a thru 601 between proximal pWrs 
is not commercially available on-wafer for use with 
differential probes. Accordingly, the electrical 
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length of the on-wafer thru 601 for proximal pairs is 
calculated instead of measured for purely practical 
reasons. If an on-wafer thru calibration standard for 
use with differential probes were to become available, 
the electrical length between proximal pairs would be 
measured and calculated as it is for the direct and 
indirect pairs of measurement ports. Until then, the 
electrical length is calculated from an average of the 
direct and indirect pair having the proximal pair 
measurement ports in common. 
[75] In an embodiment where a thru 601 may be measured 
between proximal pairs, for example coaxial 
measurements, the electrical length of the thru 601 
between proximal pairs may be measured and calculated 
as described for the direct and indirect pairs. 

[76] In an embodiment where it is not possible or 
practical to measures a thru 601 between proximal 
pairs, the electrical length of the through calibration 
standard 601 is measured for the direct and indirect 
pairs. The electrical length of each proximal pair is 
then calculated from an average of the direct pair and 
the indirect pair having only one port in common. As 
an example, the electrical length of the thru 601 
between ports 3 and 4~ is the average of the electrical 
length of the thru calibration standards between ports 
1 and 3 and between ports 1 and 4 . 
[77] For purposes of nomenclature, electrical length is 
represented as "1" with a subscript that represents the 
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two ports to which it applies. Accordingly, the 
electrical length between measurement ports 103i and 
103 3 is represented as "1 13 ". In the illustrated four 
port DUT, electrical length is determined for all 
through calibration standards yielding li 3 , l24# I14, and 
1 23 electrical lengths for the thrus 601 measured 
between the direct and indirect pairs. The electrical 
length calculation of the two remaining proximal pairs 
yields I12 and I34. 
[78] In order to make the appropriate calculations to 
yield the electrical length of the direct and indirect 
pairs, the measurements made for the source terminated 
thru are used. Specifically, for the thru 601 measured 
between measurement ports 103i and 103 3/ the 
measurement arrays A f i 3 _ t hru, Rlfi3_thru, B f i 3 _ t hru/ R2 f i 3 _ t hru, 
An 3 _thru, Rln3_thru, B rl3 _ th ru, and R2 r i 3 _ th ru are used to 
calculate the r ac t_refiect_x term for the first direct 
pair. The r ac t_refiect_x is used to obtain the 
A lr _act_refiect_x term from equation (32) or (33) to make 
the electrical length determination from equations 
(41) -(43). A similar calculation is made for all 
direct and indirect pairs of the multiport 
configuration to determine the electrical length of 
each combination of the through calibration standard 
601 and offset reflect. 

[79] The elements of the matrix S are phase shifted 
according to the measured electrical length of the 
specific thru 601 and high reflect 301 used in the 
calibration process to correct the mispositioning of 
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the calibration reference plane. For example, in a 
four port DUT embodiment, the electrical length l i3 is 
used to correct parameters Sn, Si 3/ S 3 i, and S 33 . 
Similarly the electrical length 1 24 is used to correct 
parameters S 22 , S 24 , S 42 , and S 44 , electrical length l i4 is 
used to correct parameters Si 4 , and S 4 i, electrical 
length 1 23 is used to correct parameters S 23 , and S 32 , 
electrical length 1 12 is used to correct parameters S 12 , 
and S 2 i/ and electrical length 1 34 is used to correct 
parameters S 34 , and S 43 . It is assumed that the same 
high reflect calibration standard 301 is used for all 
measurement ports 103. 

[80] In a currently preferred method, the resulting 
measured, corrected, and normalized S-parameters are 
adjusted at each frequency. If the unrotated S- 
parameter is represented as a general complex 
parameter, then: 



S =\p\e- JS ° (46) 



where e 0 is the phase of the corrected and unrotated S- 
parameter. The 0 term may be represented as a 
component of measured phase attributable to the 
measured DUT, 0 du t/ and a component of measured phase 
attributable to the shifted reference plane, 50, where: 



(47) 
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The length, 1, in centimeters is then used to calculate 
phase shift attributable to the non-zero thru 
calibration standard 601 and high reflect standard as a 
function frequency, f, in GHz where: 

S0(f)= -12.0083 // (48) 

where 50 is determined as a function of frequency for 
each electrical length represents the phase rotation 
attributable to the reference plane shift. When the 
electrical length and, therefore, the phase shift 
attributable to the sum of the electrical delay of the 
non-zero through calibration standard plus any offset 
in the high reflect standard as a function of frequency 
for each two-port combination is known from equation 
(49), the corrected and unrotated S-parameters may be 
adjusted as a function of frequency of the reference 
plane for each S-parameter. 

[81] Accordingly, phase corrected S-parameters are 
calculated as a function of frequency where: 



5^Hp|c- y * +J ^ )) (49) 



The resulting s-parameters in the S du t matrix represents 
measured, corrected and normalized S-parameters for the 
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measured DUT where the measurement reference plane has 
been correctly placed at the DUT measurement reference 
plane 702. 

[82] In an alternative embodiment of an electrical 
length calculation for a TRL calibration process, 
forward and reverse measurements of the high reflect 
301, line 501 and optional matched loads, and source 
terminated through 601 calibration standards are taken 
for just the direct pairs. Directivity, reflection 
tracking and source match as well as electrical length 
of the thru 601 plus any offset high reflect 301 is 
measured and calculated for the direct pairs of 
measurement ports 103. Forward and reverse 
measurements of the locally terminated thru calibration 
standard 601 are then taken for just the direct and 
indirect pairs of measurement ports and calculated as 
taught herein. Alternatively, only the direct pair is 
measured and transmission tracking and load match may 
be calculated for the indirect and proximal pairs from 
the teachings of the f 040 Patent Application. 
Optionally, forward and reverse measurements of the 
locally terminated thru 601 may be taken for 
calculation of transmission tracking and load match 
according to the teachings herein. The S-parameters of 
the DUT are measured, corrected and normalized 
according to the teachings herein. From the error 
terms, the electrical length of the thru plus any 
offset high reflect may be calculated for the indirect 
and proximal pairs as follows where "n" is a first port 
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and "m" is a second port. Begin with the 
relationships : 



r =EDF + poim SAjortn (50) 

1 SM _ portn portn T _ rnr ^ V X 

I porm 1 SA_portn 



where r S M_portn is the measured source match for port 
"n" , r S A_portn is the actual source match for port "n", 
and EDFp 0r tn/ ERF por tn, ESF portn are the calculated error 
coefficients for port "n" and: 



_ C i 2 1 _ thru _ nm LJ ]2 thru _ nm x LA_portm f S "M 

1 SA_portn ~ ^\\_thru_nm , _ „ p * ° ' 

1 ^ 22 _ thru nm 1 LA_portm 



where ru^crtm is the actual load match for port "m" and 
Sn_thru_nm/ S 2 i_thru_nmS i2_thru_nm and S22_thru_nm a. re the measured 
S-parameters of the source terminated thru calibration 
standard 601. Because the thru calibration standard 
601 is defined as having a perfect match, equation (51) 
reduces to: 



V — n _!_ 2 1 - tnru „ " m 1 2 _ lhru - nm LA_portm _ o r» y- ( S 9 \ 

A SA_portn ~ " j q ~~ ^21 _thru _nm^ \2 _thru _nm 1 LA_portm ^ 3Z ' 



and 
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r 

SA portn _ ^ ^» /con 

— d 2 \ _thru_nm°\2_thru_nm I ° ° ' 

LA _ portm 



Because S2i_thru_nm = Si2_thru_nm/ there are two possible 
solutions. Fitting the argument of the square root of 
S2i_thru_nm to a straight line using a least sum squared 
fit and equation (32) or (33), the solution with a y- 
intercept closest to zero is the correct solution and 
the resulting argument of the correct solution is the 
length of the electrical delay between the two proximal 
pair measurement ports. This length is used to correct 
for the shifted reference plane according to equations 
(46) -(49) and the accompanying text. 

[83] With specific reference to FIGURES 13 through 17 
of the drawings, there is shown a flow chart of an 
embodiment of a method according to the present 
teachings in which measurements for the direct and 
indirect pairs of measurement ports 103 are taken for 
the high reflect calibration standard 301, the line 
calibration standard 401, the source terminated thru 
calibration standard 601 and the locally terminated 
thru calibration standard 601. A measurement of the 
locally terminated thru calibration standard 601 is 
taken for each proximal pairs of the measurement ports 
103. The high reflect calibration standard 301 is 
connected 2201 to a measurement port 103 and the switch 
network 150 is configured for measurement 2202 by the 
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VNA 200 of a ratio of the reflection response over the 
stimulus. See FIGURE 2 of the drawings. The ratio 
yields a value for a reflection ratio for a number of 
frequencies in a desired frequency range. The numbers 
are stored in a data array where each element of the 
data array holds the measured ratio at a single 
frequency. The reflect calibration standard 301 is 
then disconnected and reconnected 2203 to a next 
measurement port, the switch network 150 is 
reconfigured, and similar measurements are made and 
stored in respective data arrays. The process 
continues for each measurement port 103 of the VNA 200. 
In a preferred embodiment, the desired frequency range 
for which all measurements are taken is the same. In 
this case, each element in the data arrays represents 
measured results at the same frequency point along the 
desired frequency range. 

[84] The flow chart of FIGURE 13 continues with the 

step of connecting 2301 and configuring 2302 the switch 
network 150 for termination of the line 401 at the 
source 109 and measurement of the line calibration 
standard 401 between a first direct or indirect pair. 
The VNA 200 measures 2302 a forward direction 
reflection and transmission response at the measurement 
ports 103 of the direct or indirect pair at the first 
and second test channel receivers 111, 112 as well as 
the first and second reference channels 201, 202. The 
switch network 150 is then reconfigured 2303 for the 
reverse direction measurement and the VNA 200 then 
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measures 2303 a reverse direction reflection and 
transmission response at the measurement ports 103 of 
the direct pair at the first and second test channel 
receivers 111, 112 as well as the first and second 
reference channels 201, 202. Not shown in the flow 
chart is the connection and measurement of the matched 
loads 501 as shown in FIGURE 6 of the drawings to 
extend the calibration to the lower frequency range. A 
measurement of the line 401 calibration standard is 
performed for each direct and indirect pair. 

[85] With specific reference to FIGURES 14 of the 
drawings, the flow chart continues with the step of 
connecting 2401 the thru 601 to a first direct pair of 
measurement ports 103. The switch network 150 is 
configured 2402 for forward direction measurement of 
the thru 601 with a termination at the source 109, and 
the forward direction reflection and transmission 
responses and the reference channel signals are 
measured and stored in data arrays. The switch network 
150 is then reconfigured 2403 for the reverse direction 
measurements with the thru 601 terminated at the source 
109 and the reverse direction reflection and 
transmission responses and the reference channel 
signals are measured and stored in data arrays. 

[86] The thru 601 remains connected and the switch 
network 150 is reconfigured 2501 for a forward 
direction measurement, where the thru 601 is locally 
terminated in a local impedance 104 within the switch 
network 150. The forward direction reflection and 
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transmission responses of the locally terminated thru 
601 are measured and stored as well as the reference 
channel signals. The switch network 150 is then 
reconfigured 2502 for a reverse direction measurement 
of the locally terminated thru 601, the reverse 
reflection and transmission responses and the reference 
channel signals are measured and stored. The process 
repeats 2503 for all N/2 direct pairs and N(N-2)/4 
indirect pairs of measurement ports 103 for an N port 
DUT. 

[87] At this point in the process, there is sufficient 
information to calculate an electrical length of the 
aggregate thru/offset reflect between direct and 
indirect pairs of measurement ports 103 used in the 
calibration process. For purposes of process, however, 
all calculations are made after all measurements are 
taken . 

[88] With specific reference to FIGURE 15, there is 
shown an optional portion of the measurement process 
wherein forward and reverse measurements of the locally 
terminated thru calibration standard 601 is taken 
between each proximal pair of measurement ports 103. A 
user connects the thru 601 between one of the proximal 
pairs 2504. The switch network 150 is then configured 
2505 for a forward measurement of the locally 
terminated through, measurements are taken and stored. 
The switch network 150 is then configured 2506 for the 
reverse measurement of the locally terminated thru 601, 
measurements are taken and stored. The process repeats 



Agilent PDNO: 10021239 
Inventor: Vahe Adamian 
USPTO Ser. No. 10/635,395 

for each N(N-2)/4 proximal pairs. 

[89] With specific reference to FIGURE 16 of the 

drawings , the flow chart continues with the steps of 
calculating 2 7 05 a forward reflection tracking error 
coefficient 1903 based upon a boundary condition at DC 
and using the forward reflection tracking error 
coefficient result, calculating 27 0 6 a forward source 
match 1902 and forward directivity 1901 error 
coefficients . The reverse reflection tracking error 
coefficient 1920 is calculated 2707 also based upon a 
boundary condition at DC. Using the reverse reflection 
tracking error coefficient 1906 result, the reverse 
directivity 1904 and reverse source match 1905 are 
determined 2708. The method then determines 2709 the 
forward and reverse load match and the forward and 
reverse transmission tracking error coefficient to 
arrive at ten error terms based upon the TRL 
calibration. All ten error terms are determined for 
all direct and indirect pairs in a loop 2710 that 
increments 2711 through the plurality of two-port 
measurements . 

[90] With specific reference to FIGURE 17 of the 

drawings, the process continues with optional process 
paths shown as alternative paths on the flow chart. In 
one embodiment, the forward and reverse transmission 
tracking error coefficients for each proximal pair are 
calculated 2803 according to the teachings of the T 040 
Patent Application. In an alternate embodiment, if the 
locally terminated thru 601 is measured 2804 between 
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each proximal pair of measurement ports 103. The 
forward and reverse transmission tracking coefficient 
of each proximal pair are determined 2805 from the 
measurements made. When the transmission tracking 
error coefficients are determined for each proximal 
pair of measurement ports 103, the process continues 
with the steps of determining 2801 a type of high 
reflect calibration standard 301 used in the 
calibration process and calculating 2802 an electrical 
length of each thru calibration standard 601 used in 
the calibration process between each direct and 
indirect pair. An electrical length is then typically 
calculated 2806 for each proximal pair based upon an 
average of the electrical length between direct and 
indirect pairs having a single common measurement port. 
If and when it is practical to measure a source 
terminated thru 601 between proximal pairs, the 
electrical length may be calculated as for the direct 
pairs . 

[91] With specific reference to FIGURE 18 of the 

drawings, when all of the systematic error coefficients 
are determined, the DUT 101 is inserted for measurement 
2902 to yield N(N-l)/2 2-port S-parameter matrices to 
represent an N port DUT. The measured DUT data is then 
corrected 2903 according to the teachings of the '511 
Patent. As also taught in the ! 511 patent, the 
corrected S-parameters matrices representing the 
plurality of 2-port devices are combined to yield an 
NxN S-parameter matrix that is corrected for the 
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systematic errors of the VNA. The corrected S- 
parameter matrix is then normalized to a characteristic 
impedance . 

[92] Using the respective electrical length determined 
for each thru 601 the NxN corrected and normalized S- 
parameters of the measured DUT are further corrected by 
shifting the reference plane from the shifted 
calibration reference plane 601 to the DUT reference 
plane 702 as a function of frequency. The reference 
plane shift operation yields a NxN S f i na i matrix, which 
represents the S-parameters for only the DUT after all 
corrections are made. 

[93] In yet another alternative embodiment of a process 
according to the present teachings, reflection 
measurements for all measurement ports are taken, and 
measurements are taken for the line and the source 
terminated through for the direct pairs only. At this 
point in the process, it is possible to calculate 
electrical length for the thru/offset between the 
direct pairs. Additional measurements of the locally 
terminated thru 601 are taken for the direct and 
indirect pairs of measurement ports 103. The 
transmission tracking and load match coefficients may 
be calculated from the terminated thru measurements. 
The characteristics of the high reflect standard are 
determined and the electrical length for the indirect 
pairs is calculated based upon equations (50) - (53) . 
The electrical length for the proximal pairs may then 
be calculated based upon the average of the direct and 
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indirect pair having a common port. All error 
coefficients and electrical lengths being determined, 
the DUT is measured, corrected, normalized and a 
reference plane is shifted to a DUT reference plane as 
appropriate based upon the respective electrical 
lengths . 

[94] A method according to the present teachings may be 
performed by a computer with access to measured S- 
parameter characterization data for the through- 
reflect-line calibration standards as well as the S- 
parameter characterization data for the DUT. The VNA 
performs the measurements and either stores the 
resulting data arrays on removable media or may be 
connected to a computer via a communications bus for 
storage on some other form of storage media. A method 
according to the present teachings may also be 
performed by the computational processor that is 
typically part of the VNA. Specifically, it is not 

necessary to know the type of high reflect calibration 
standard 301 used in the calibration process and it is 
not necessary to know the electrical length of the thru 
calibration standard 601. If a phase offset of a 
reflect calibration standard is known, a method 
according to the present teachings is able to measure 
and calculate the electrical length of the thru 
calibration standard 601 rather than relying on 
manufacturer's data. If the electrical length of the 
thru calibration standard is known, a method according 
to the present teachings calculates the phase offset of 
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the reflect calibration standard. The calculated 
electrical length or phase offset is more accurate that 
manufacturer supplied data and, therefore, provides for 
a more accurate calculation of the error artifacts for 
correction of measured data. This is especially 
advantageous when calibrating for on-wafer measurements 
where a repeatable thru calibration standard is 
difficult to obtain and when using a calibration 
standard having characteristics that may have changed 
slightly due to environmental conditions and repeated 
use. In addition, the present teachings recognize that 
calibration using a non-zero through places a 
transmission reference plane at a position different 
from the reflection measurements. A method or 
apparatus according to the present teachings is able to 
calculate the error attributable to use of a non- 
repeatable and non-zero through. The method or 
apparatus according to the present teachings is also 
able to make further corrections to what was considered 
corrected data in the prior art to place the 
transmission measurement reference plane at a same 
point as a position of the reflection measurement 
reference plane. The more accurate through calibration 
standard combined with the additional correction for 
the shifted measurement reference plane provides a more 
accurate measurement of the frequency response 
attributable to only the device under test and not the 
connection environment with which the device under test 
is connected to the measurement equipment. 
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